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ABSTRACT

Turner, Charles Christopher., M.S.M.E., Purdue University.
May 1986. Observation of Fatigue Crack Growth Rate and
Closure Behavior in 7475-T731 Aluminum Under Variable
Amplitude Loading. Major Professor: Dr. B.M. Hillberry,
School of Mechanical Engineering.

Simultaneous measures of fatigue <crack propagation
rate and <crack closure were taken from 7475-T731 aluminum
alloy center <cracked tensile specimens wunder variable
amplitude loading <conditions. Variable amplitude servo
hydraulic machine control and data acquisition were per-
formed wusing commercially available microprocessor and
analog-to-digital equipment. Crack tip opening measure-
ments using an Elber type extensometer were combined with

load data to determine the crack opening load levels using
the compliance technique. Digital load and crack tip open-
ing displacement data were numerically analyzed to optimize
crack opening load using a least squares non-linear regres-

sion algorithm.

Results indicate the presence of load interaction in a
variety of repeated variable amplitude 1loading blocks.

Constant amplitude tests conducted by Daiuto provide an



xvii

interaction free data base by which observed rates were
compared. Load interaction results in retardation of pro-
pagation rate for most loading blocks examined in the
study. Growth rate acceleration was not observed for any
of the 1loading blocks studied. In cases where load
interaction is observed, measured <crack opening loads
correlate well with observed propagation rate data using a
growth rate expression based on effective stress intensity
range. Closure did not explain observed delay behavior
associated with high stress ratio, single peak overloads.
Primary influences on the crack opening stress intensity
level include the maximum stress intensity of the repeated
loading ‘block, the minimum stress intensity of the block,
and the number of fatigue cycles Between overloads in a

block.



CHAPTER 1 - INTRODUCTION

Fatigue cracks and their growth have been recognized
as a significant factor in the failure of many types of
structures. In recent history, much attention has been
focused on the mechanics of crack growth and the role which
it plays in the service life of a structure. Toward this
end, numerous physical and phenomenological models have
been developed to predict the role of crack growth wunder
service loading conditions. The predictive capabilities of
early crack growth models suffered, primarily due to their
inability to quantify one important physical phenomenon
which has been experimentally verified by numerous investi-
gatorsg the 1load interaction effect. The acceleration or
retardation of crack growth rate due to the sequénce and
magnitude of the loads in a given loading spectrum has pro-
ven to be a difficult phenomenon to explain with mathemati-
cal models. To date, crack growth models remain inadequate
in their ability to account for the interactiom imn random
loading patterns which are typical in many service loading

conditions,

Current theories <concerning the effect of load

interaction on crack growth suggest that the predictive



accuracy could be substantially improved with an undér-
standing of the crack closure phenomenon. While the concept
of crack closure proposed by Elber [2] is over 15 years
old, it has proven to be a difficult concept to quantify in
various materials. This is likely the result of the acute
instrument sensitivity mneeded to accurately detect crack
opening stress intensity. As a result, there is contradic-
tion in the literature as to exactly how the crack opening

stress intensity behaves under variable amplitude Lloading

conditions,

In the following pages, the author will describe the
investigative procedure And results of a study conducted to
examine the load interaction effect in an aircraft aluminum
alloy. The objective of this investigation was.to gather
accurate crack opening stress intensity and <crack growth
rate data simultaneously‘ from <cracks in center-cracked
7475-T731 aluminum specimens subjected to variable ampli-
tude loading conditioms. Crack growth rates will be
related to the effective stress intensity range to estab-.
lish c¢rack <closure as the primary mechanism of load

interaction in low R-ratio loading.



CHAPTER 2 - LITERATURE SEARCH

As mentioned previously, fatigue crack growth and its
effect on the service life of sﬁructures has been the focus
of many experimental and analytic studies since being
recognized as a primary cause for mechanical failure. A
teview of contemporary literature in the fields of fracture
mechanics and <crack growth indicates that, at the very
least, the physical process of crack growth is a complex
phenomenon which is affected by a number of interelated
factors. While many of these factors undoubtedly affect
the rate of fatigue crack growth in structural materials,
it is essential to identify the first order contributors to
fatigue <crack growth if significant contributions to the
prediction of growth rates are to result from subsequent
research efforts. Although this study is primarily con-
cerned with the factors affecting fatigue crack propagation
(FCP) rates under variable amplitude loading, a review of
the literature affirms that an understanding of the factors
affecting constant amplitude FCP is essential in quantify-
ing more complex loading spectrums. Before proceeding to a

more detailed ©presentation of the factors affecting both



constant and variable amplitude FCP, two concepts of his-
torical significance to the understanding of crack growth

will be presented.

2.1 Historic Contributions to Contemporary FCP Theory

In 1961, Paris et al. [l] proposed a mathematical
relation based on experimental data which related the FCP
rate in fractured specimens under constant amplitude 1load-
ing to the applied stress intensity range (AK). This rela-

tion,

.da m
aN = C[AK] (2.1)

employs two empirically obtained cdnstants, C and m, which
correspond to the y-intercept and slope of constant ampli-
tude FCP rates when plotted against AK on a log-log scale.
While this relation has been popularly recognized as a
major advancement in the prediction of FCP rates, it does

not explain the observed influence of the stress ratio (R)

on the rate of crack growth under constant amplitude load-

ing conditions. The experimentally confirmed R effect is
the phenomenon wherein higher FCP rates are observed at
higher R ratios given the same AK in constant amplitude

loading.

In a series of papers presented in the .late 1960’5;

Elber [2,3]) proposed a modification to the Paris law which




accounted for the R effect on constant amplitude FCP rates.
Based on observations of load versus crack tip opening dis-
Placement plots recorded for 2024-T3 aluminum sheets under
tension-tension loading, Elber <concluded that, in many
cases, the crack tip was closed for a significant portion
of the loading cycle. 1In a description of a typical plot
of his experimental data, shown in Figure 2.1, Elber illus-
trated that in 1loading from A to B the compliance of the
cracked specimen was equal to that of an uncracked specimen

of the same geometric configuration.

STRESS , MN/m?
FATIGUE CRACK 150

GAGE LOCATION

of
j’ 100
2mm D —

= 15 mm-—=

INITIAL ELASTIC LOADING

5 ‘TA D1SPLACEMENT

(a) CRACK CONFIGURATION  (b) APPLIED STRESS - DISPLACEMENT RELATION
AND GAGE LOCATION

Figure 2.1 Elber”s load versus CTOD profile for defining

K . [2]
op



For loads higher than the load corresponding to point C the
crack is fully open, thus, the compliance from point C to
point D is that of a fully opened crack. Elber called the
load associated with point C the crack opening load and its
corresponding stress the crack opening stress (Sop)’ Since
the crack tip is not open until Sop is achieved, Elber con-

cluded that crack extension should not occur at stress

intensities below that point. A new parameter, AKeff’ was
formulated such that:
AK = K - K 2.2
eff max op ( )
where,
AK . = the effective stress intensity range,
e
K = the maximum stress intensity of a fatigue cycle,
max
K = the crack opening stress intensity,
op '
and the closure based growth rate equation is given by
da m
an - C[AKeff] (2.3)
or
in = CiAKU , .

where U is a material dependent function of stress ratio.

Elber conducted a series of experiments at different
stress ratios in order to determine the effect of R on the

parameter U in equation 2.4. Under plane stress loading



conditions, Elber”“s data indicated that U, the ratio of

A to AK , was a linear function of R for 2024-T3 alumi-

K
eff
num. This functional relationship between U and R is

U = 0.5 + 0.4R (2.5)

When equations 2.4 by Elber and 2.5 were combined and
used to predict constant amplitude FCP rates in 2024-T3
aluminum sheet the results affifmed the superiority of the
closure based growth rate equation in predicting the

effects of the stress ratio on fatigue crack growth.

The concept of fatigue <c¢rack <closure {is widely
accepted as a significant factor affecting fatigue crack
growth under both constant and variable amplitude 1loading
conditions, However, in order to employ the closure con-
cept in a <cycle-by-cycle <crack growth model "such as
Johnson“s MPYZ model [4] for service life prediction, a

thorough understanding of the factors affecting the
behavior of Kop in constant and variable fatigue loading
must be attained. It is in this explanation of the primary
factors affecting K°P that the author finds wide disagfee-

ment in the literature.,

2.2 Factors Affecting K
op

Elber concluded that the closure phenomenon was a

result of residual compressive stresses left in the wake of



an advancing crack. These stresses, he suggested, serve to
close the crack over varying portions of the loading cycle
depending on its relative minimum and maximum stress inten-
sity values. Studies conducted since Elber“s work suggest

that R may not fully describe the ©behavior of In

K .
op
addition, investigators have shown the prescence of closure
effects generated from asperities and oxides on the frac-
ture surface., A proper review of the observed factors
affecting K under variable amplitude loading requires a

op

survey of the literature addressing these factors under

constant amplitude loading.

2.2.1 Stress Ratio and Surface Effects

The effect of stress ratio on U which was first
observed by Elber was confirmed in tests conducted by
Katcher and Kaplan [5]. Using compact tension specimens
from 2219-T851 aluminum and Ti-6Al-Cu titanium, Katcher and
Kaplan ran a series of constant amplitude crack growth

tests at different stress ratios. During these tests, clo-

sure was measured using a strain gage extensometer at a

distance of 0.05 inches behind the crack tip. These tests
showed that the characteristic shift im FCP rate <curves
with R couid be explained with equation 2.4 when a unique
U=f[R] for each material was found using load versus CTOD
data. Their linear expressions for U in terms of R are

given for the aluminum and titanium alloys in equatiomns 2.6



. and 2.7, respectively. It 1is important to note that no
closure was observed at stress ratios above 0.35 in these

materials.

2219-T851: U = 0.68 + 0.91R when 0.08 < R < 0.32 (2.6)

Ti-6Al-Cu: U = 0.73 + 0.82R when 0.08 < R < 0.35 (2.7)

McEvily [6] finds flaw in explaining closure in terms
of stress ratio for several reasons. Based on observations
of constant amplitude FCP rate curves at different stress
ratios in En30A steel, McEvily points to a pronounced
difference in the R effect on FCP rates which apparently
result from different material hardnesses due to heat
treatment. Observing that R has a greater effect on FCP

. rates in the material with lower toughness values, it is
suggested that this is inconsistent with the idga of R
influenced closure. Viewing closure as a surface asperity
phenomenon, McEvily suggests that closure exerts its
greatest effect at low AK values, regardless of the stress
ratio. At this low AK value, McEvily asserts, the effect
of microscopic Mode II displacements result in surface
asperities which approach the size of the crack tip opening
displacement. To substantiate this supposition, he points
to plots of K / K versus AK which show the diminishing

op max

effect of K as AK increases in constant amplitude tests
op

for AISI 1018 steel (Figure 2.2).
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In an effort to study Elber“s observations of stress
raﬁio on U at low AK values, Yu and Topper [7] performed a
series of constant amplitude tests with different stress
ratios in the near threshold FCP region. Using 2024-T351
aluminum, constant amplitude tests were run at an assort-
ment of stress ratios ranging from -1.0 to 0.7. These
tests showed that the R effect was present at near thres-
hold FCP rates and that equatioﬁs 2.4 and 2.5 could be used
to collapse the growth rate curves at different R values
onto one FCP rate versus AKeff curve, These results indi-
cate that the mechanism of closure at low growth rates near
the fatigue threshold is similar to that observed in the
mid growth rate region. Since the effects of surface
asperities or oxides are assumed to have a greater influ-
ence at low AK values, this evidence seems more cqnsistent

with the plasticity induced closure theory.

Frenot and Gasc [8] investigated the significance of
surface roughness on closure mear the threshold AK range.
In order to do this, 7075 aluminum was age hardened in two
different conditions so as to induce a relatively smooth
and rough surface in separate fracture specimens. Observa-
tions of the rough fracture surface under fatigue cycling
indicated that the crack was opening gradually under stress
while the smooth fracture surface appeared to behave more
like a hinge, opening simultaneously all along the fracture

surface. Using the potential drop technique to determine
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when the crack tip opened in each of these specimens, a
high U value was observed in the specimen with the rougher
fracture surface. From these observati&ns it was concluded
that the surface asperities had resulted in friction forces
which seemed to hold the érack closed, thereby resulting in

a primary mechanism of fatigue crack closure.

Both Frenot and McEvily draw conclusions about the
significance of asperity induced closure based on observa-
tions made of materials which have been aged or heat
treated to different hardnesses. This raises obvious ques-
tions in the author”s m;nd about the effect of increased
yield strength with increased hardness. It seems that all
of the effects witnessed in these surface asperity argu-
ments may also be explained by the same plasticity induced
closure theory proposed by Elber. While this by no means
refutes the significance. of the asperity induced closure
theory, it is important to note when weighing the relative

merits of each proposed closure mechanism.

2.2.2 Stress State and Maximum Stress Intensity

If plastic deformations in the wake of an advancing
crack are considered as the primary source of fatigue crack
closure, specific attention must be focused on.the factors
affecting crack tip plasticity. Irwin [9] relatéd yield
stress and stress intensity to the size of thé plastic zone

at the <crack tip inm the relations given in equations 2.8



13

and 2.9. For plane stress conditions where <constraint
effects due to the free surface are a dominmant factor in

this stress state, the radius of the plastic zomne is given

by
2
ryc S (2.8)
210
y
and in plane strain conditions,
2
r“=—"-E (2.9)
6T O
y

where %'is the yield strength material.

Daiuto and Hillberry [10] observed thickness effects
on crack propagation rates in 7475-T731 aluminum sheet due
to stress state transitionms at the <crack tip. However,
there 1is some question as to whether this thickness effect
is primarily the result of 1increased plasticity at the
crack tip resulting in fatigue crack closure. In their
work it was concluded that the observed difference in con-
stant amplitude FCP rates at R=0,.05 was the result of
increased Mode II stress intensity due to the characteris-
tic slant of the fracture surface. Observed rate differ-
ences at R=0.75 could not be attributed to the fracture

mode transition, indicating that another mechanism was in

play.

Lindley and Richards [ll] used microscopic evaluations

of the fracture profile to show that crack tip closure in



14

mixed mode stress states was predominate at the surface of
the specimen where plane stress conditions are dominant.
Shaw and LeMay [12] verified these results using scanning
electron microscopy in experiments conducted on AISI 4010
steel. 1In this study, single edge notched specimens were
subjected to constant amplitude loading while closure meas-
urements were taken using extensometers to measure crack
tip and crack mouth opening displacements. Fractographic
analyses of the fracture surface showed evidence of closure
induced abrasion at the free surface while the interior,
plane strain portions of the fracture surface appeared to
be free of abrasion. Thus, the phenomenon of surface clo-
sure associated with the plane stress slant of the fracture
surface was recognized as an important factor in the deter-
mination of Kop . This type of closure was substantiated
by Shaw and Lemay using crack tip extensometers since evi-
dence in their study indicated that Kop measurements made
with a crack mouth opening gage were increasingly unreli-
able as the crack %ncreased in length. This would seem to
explain the observations made by McEvily concerning the

diminishing effect of crack closure as the crack grows.

Fleck [13] evaluated many contemporary closure measur-
ing devices 1in an effort to confirm closure at the crack
tip under plane strain conditions. Concluding that many of

the techniques wused 1in previous studies yield inherently

erroneous results, Fleck proposed to measure closure at the
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crack tip directly by using a push-rod assembly which was
ingerted into holes in the fractured specimen. The holes
were drilled in order to establish locating surfaces above
and below the crack surface on which the push rods could
rest. In constant amplitude, plane strain, R=0.05 léading
conditions U was measured in B54460-50B steel to be a <con-
stant value of 0.81. From his observations Fleck concluded
that the crack-closed increment in plane strain <conditions
is much smaller than that in plane stress conditions. For
this reason, it is much more difficult to measure wusing
conventional techniques. However, 1t was shown that the
bulk closure behavior of the material could be measured
using a surface type <crack tip extensometer if it was
placed at least 1.5 plastic zones behind the <crack tip.

(13]

In a series of constant amplitude tests conducted to

determine the effect of K on AK Vasques and Morrone
max eff '

[14] concluded that K a alone could be used to describe
max

the behavior of Kop . In tests conducted from R = 0.05

to 0.6, it was shown that AK £g maintains a linear rela-
e

tionship with K a and was independent of stress ratio.
/ max

These results indicate the significance of crack tip plas-

ticity in the closure phenomenon. However, in plots of Kop

/ K versus K their results show a characteristic
max max

curve associated with each material tested (Figure 2.3).

It was concluded from their work that these - curves werTe
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material dependent and considered as material properties

when calculating crack growth rates.,
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Figure 2.3 Vasques and Morrone K /K vs., K results.
op max max

(14]

2.3 Variable Amplitude Loading Effects on Ko

p

Load interaction and its effects on FCP fates has been

the focus of numerous studies over the past 20 yéars. A
representative body of work compiled by Hillbérry and asso-

ciates [15-18] may be use to characterize the effect of
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single peak overl?ads on the FCP rates of subsequent
fatigue <cycles. In these studies, numerous overloads have
been applied to 2024 and 7475 aluminum alloys while their
effects on crack growth rate were measured using an optical
microscope along with a digital cycle counter, A summary
of the observations in these studies with respect to load

interaction is provided as follows:

l. Following the application of an overload during a con-
stant load amplitude or constant K fatigue test, a
brief period of acceleration in FCP rate 1is followed

by a significant period of retardation.

2. The period of delay in FCP rate may be related to the
Irwin plastic zone size and larger overloads produce

longer delays.

3. Crack arrest may result from the application of an
overload of sufficient magnitude. The ratio of the

overload stress intensity to the maximum stress inten-

sity of the fatigue cycles, Q required to produce

ol ?
crack arrest is a function of the stress ratio of the

fatigue cycles.

4. Underloads applied following an overload serve to
reduce the delay effect or =eliminate it entirely,

depending on the magnitude of the underload.
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These obse;ved effects of load interaction on FCP do
not lend themselves to simple predictions which bage FCP
rates on the AK as seen in constant amplitude growth tests.
Elber [3] conducted the first tests which indicated that
these delay effects are the result of fluxuations in AKeff
resulting from changes in Ko . Elber“s experiments showed
that Kop sharply decreased immediately after overloads and
then gradually increased to a maximum corresponding to the

period of maximum retardation in the FCP rate as show in

Figure 2.4.

It was shown that ghe original dip inm Kop resulted
from plastic deformations caused by the overload which were
larger than the displacements at the <c¢rack tip recorded
prior to the 9overload. This large plastic deformation
served to hold the crack tip opemn thus reducing Kop' How-
ever, as the accelerating crack grows into the plastic zone
produced by the overload, residual compressive stresses
close in 1its wake and gradually raise Kop until maximum
delay occurs. Eventually, the crack grows sufficiently
beyond the plastic zone of the overload éuch that its delay
effect is not present as Kop returns to its constan? ampli-

tude value at the given stress ratio.

Subsequent investigations into the 1load interaction
effect on FCP rate revealed that the number of delay

cycles, ND’ resulting from an overload could be increased
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Figure 2.4 Elber”“s observations of K behavior following

an overload. [2] °P

if multiple overloads were applied. /Chehimi et al. [19]
recently presented their observations of this effect in E36
steel at different values of Q°1 and Rf=0.1. Their results
are shown graphically in Figure 2.5. It should be noted
that for Qol of 1.9 and 2.2 arrest was induced by the
application of multiple overloads where it did not occur

for single overloads. Trebules [20] and Chang and Lemay
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[21] have also noted this phenomenon in an

aircraft aluminum alloys.
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Topper and Yu [22] measured Kop
steels

high-low block loading sequences described

of K

op
this loading sequence is at least partially

observations indicated that delay

closure mechanisms. In Figure 2.6 their

K
op

for cracks in

various

and 2024-T351 aluminum while subjecting them to the

above. Their
associated with
attributable to

observations of

during loading are presented graphically.
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‘ Crack opening levels in these experiments were determined

using crack tip extensometers.
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Figure 2.6 Observed behavior of Kop in block loading.[22]

Despite the apparent significance of crack closure

in

explaining the effect of load interaction on FCP rates,

there are few studies which document the behavior of

under variable amplitude loading histories.

K
op
According to

Fleck, many of the studies which have been conducted suffer

from inconsistent Kop data due to improper

. or faulty experimental techmique. With the

gage placement

"knowledge of
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Kop behavior as it stands today, a number of pro?en
mathematical models which predict the effects of load
interaction quite well have been developed. A number of
these models use finite element methods to account for the
effects of Kmax’ the minimum stress intensity ( Kmin)’ and
material hardening characteristics on Kop [23-25]. These
models tend toward high complexity and their use at this
time is primarily limited to their developers. In order
for more simple load interaction models to be perfected for
day to day use, the literature indicates a pressing need
for more experimental data concerning the effect of load

interaction spectrum and variable amplitude loading

sequences on the FCP rate and Ko .
p



23

CHAPTER 3 - TEST PROGRAM

In response to the recognized need for a broader
experimental data base, the objective of this investigation
is to study the effects of variable amplitude 1loading on
the fatigue crack propagation and Kop behavior of 7475-T731
aluminum alloy. Since it seems that a number of factors
influence the FCP behavior under variable amplitude loading
conditions, an effort was made to single out and study
those factors which exert a first order effect on the meas-
ured quantities of FCP rate and Kop' With these goals and
guidelines in mind, a test program consisting of four
unique and simple variable amplitude loading conditions or
cases was defined and executed. In all of the cases, the
effect of %g observed by Marrisen [26] was minimized or
controlled by maintaining constant AK conditions within
three percent of the applied 1load. In additiomn, the
effgcts of crack length on measured Kop was minimized by
using a crack tip extensometer at a distance of approxi-
mately one and one half plastic zonmes behind the crack tip

as suggested by Fleck [l3]. Where possible, mixed mode and

plane strain permutations of each case were planned in an
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effort to study the effect of stress state on load interac-

tion behavior.

The 7475-T731 aluminum alloy used in the current study
is from the same lot of material used by Daiuto [10] in his
constant amplitude and overload studies. The quality of
Daiuto”s constant amplitude and delay arrest data for this
lot of alloy made it an ideal choice for subsequent vari-
able amplitude studies. For this reason, his data was used
in the formulation of the test program and subsequent data
analyses, However, the limited quantity of the remaining
material in this lot proved to be a factor in the develop-
ment of the test progfam. When possible, several unique
loading blocks were run in the same specimen. Inter-block
interaction was minimized by separating each unique vari-
able amplitude loading block by five plane stress plastic
zones, Care was taken in the test development stage to
insure that FCP rate and Kop data were extracted at crack
lengths beyond the five plastic 2zone buffer., Detailed

numeric listings of stress intensities and loads at speci-

fied crack lengths are provided in Appendix A.

3.1 Case I: Multi-Step Loading

In an effort to study the relative effect of Kmin on

FCP rate and K , the three unique loading blecks presented
o

in Figure 3.1 were proposed for testing. In his <closure
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model, DeKoning indicates that Kmin plays a significant
role in the establishment of Kop while most researchers
tend to characterize Kop and the parameter U by the stress
ratio as first proposed by Elber. 1In the load profiles
displayed in Figure 3.1, it can be seen that while the load
profiles are markedly different, Kmax is the same for all
three loading blocks. However, the cyclic value of Knin
varies from a high mean value in block A to a constant low
value in block C. Assuming that there is a single, con-
stant Kop value for each repeated loading block in Figure
3.1, observations of Kmin and R would indicate that Ko
should decrease as the loading profile changes from A to C.

This should be accompanied by appropriate changes in the

FCP rate.

A single 0.17 inch thick specimen was used in examin-
ing the multi-step load form. Three repeats of blocks A,
B, and C were performed in order to observe experimental
error. The test was designed such that a 0.1 inch FCP rate
data range for each loading block was separated by five
plastic zdnes of Kmax from the preceding loading block.
Crack growth rate data was taken over this data range at
0.2 millimeter intervals, yielding approximately 13 crack
length versus cycle count data points. At thevend of each
data range, <crack tip opening versus load profiies were

taken and later were reduced to obtain Kop data. The load-

ing ©blocks were run sequentially in this manner such that



27

the overall loading sequence on the specimen in terms of

block identification symbols was A-B-C-A-B-C-A-B-C.

3.2 Case II: Bi-Harmonic Loading

It was suggested by Katcher and Kaplan [5] that, under
constant amplitude 1loading, Kmax could be used to predict
Kop. For variable amplitude loading, a question concerning
the relative significance of Kmax and stress ratio remains,
Using the constant Kop assumption described previously for
multi-step loading, one must assume that each cycle in a
loading spectrum contributes to the level at which this
constant Kop value is set. In order to determine the rela-
tive contributions of Kmax and stress ratio for each cycle
in a variable amplitude loading block, the bi-harmonic,
high~low loading block pictured in Figures 3.2 and 3.3 were
proposed for experimental study. In the bi-harmonic series
of tests, a two cycle loading block described by the param-
eters Kl, KZ’ in

data was taken. The parameter K1 was the maximum stress

and Km was repeated continuously while rate

intensity of the first and K2 was the maximum stress inten-
sity of the second loading cycle. Both cycles shared a

common K ‘ which maintained the stress ratio of both
min

,

cycles very near 0.05. Thus, the block to block effects of

K i and R were essentially eliminated as variables in this
min

loading case.
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In preparing this testing program, the relative

effects of K1 and Kz on the value of Kop was examined by

varying the ratio KZ / K1 from values of 1.0 to 0.5 in uni-

form increments. Since this required a variation of Kbmax’

the maximum stress intensity 1im each repeated 1loading
block, the effect of %% had to be considered. Therefore,
when developing the test progranm, the desired K2 / K1
ratios were selected in two different ways so as to leave
different plastic wakes behind the <crack tip. In the

ascending K bi-harmonic tests K and K were initially
bmax 2 1

fixed at equal, low values. The value of K1 was then

increased on each successive block until K2 / Kl was equal

to 0.5. In the constant K bi-harmonic test K and K
bmax 2 1

were Initially fixed at equal, high values and K2 was
lowered until KZ / K1 was equal to 0.5. By testing in this

dK
manner, the influence of E: on the constant Kbmax test was

considered to be minimal since K1 was constant throughout
dK
the test and E: was approximately zero. However, in the

dK
ascending K tests E; maintained a constant positive

bmax

dK
value from block to block as the crack grew. This da pat-

tern is similar to that seen in constant amplitude growth

tests.,

At low stress ratios, Daiuto [1l0] correlated observed

changes in the shape of the constant amplitude growth rate

curve with stress state transitions at the crack tip wusing

the stress state model presented in Figure 3.4, Since



31

these stress state transitions seemed likely to effect the
gr§wth rates in these low stress ratio tests an effort was
made to insure that separate mixed mode and plane strain
conditions at the <crack tip were maintained for both
ascending and descending bi-harmonic loading blocks. Plane
stress testing conditions were placed at the longer crack
lengths and behind plane strain portions to 1insure a
minimal effect of plastic wake between loading conditions

of different stress states.

Two testing patterns resulted from the concerns
detailed above. The first pattern, shown in Figure 3.2
shows the bi-harmonic descending tests with the plane
strain loading blocks preceding the mixed mode loading
blocks. A similar graphic for the bi-harmonic ascending
}est is given in Figure 3.3. Inter-block interaction
reduction and data acquisition was performed in a manner
identical to that described for the multi-step loading con-
dition. Two replicates of each test were performed omn 0.17
inch thick specimens, resulting in four sets of experimen-

tal data for this loading case.
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3.3 Case III: Variable Fatigue Cycling

Elber and qthers have observed significant reductions
in Kop and associated increases in FCP rate directly fol-
lowing the application of single peak overloads. Assuming
that this drop in Kop is the result of plastic deformatioans
at the crack tip larger than the CTOD previously <required
to open the crack tip prior to the overload, the resulting

increase in growth rate due to greater AK in the fatigue

eff
cycles 1is to be expected. Assuming the same mechanism, it
seems likely that a sustained period of acceleration would
be attainable 1if overloads were applied periodically
between a fixed number of fatigue cycles. This assumes a
loading history effect limited to the overload and the
fatigue cycles associated with it. However, if the proper
number of fatigue cycles between overloads (corresponding
roughly to the cyclic "memory" of the crack) were applied
one would expect to observe the sustained acceleration
effect. The author now assumes a cyclically dynamic K

op
which 1is maintained at an artificially 1low value by

periodic overloads.

In order to study post overload acceleration and
retardation effects, a series of variable fatigue cycling
test were developed. The repeated loading blocks in these
tests may be described with four parameters; K , K » K

1 2 min’

and Nz. The maximum stress intemnsity of the overload and
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the subsequent fatigue <cycles are given by K1 and Ki ’
respectively. The minimum stress intensity (Kmin) for all
cycles in the test was maintained at a constant low value
sﬁch that the stress ratio for all cycles executed 1in the
tests is approximately 0.05. The number of fatigue cycles
between overloads in a repeated loading block is given by
Nz. The values of N2 proposed for this study were 10, 30,
100, 300, amd 1000. Graphics describing the variable
fatigue <cycling test programs for mixed mode and plane
strain loading conditions are presented if Figures 3.5 and
3.6, respectively. The mixed mode test sequence required
one 0.08 inch thick specimen for each of the three repeti-
tions performed. All three replicates of the plane strain
loading sequences were performed with a single 0.248 inch
thick specimen. Crack growth rate and Kop data were

obtained at the end of each block as described in previous

cases.
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3.4 Case IV: High R-Ratio Overload Tests

The mechanism of post overload delay at low stress
ratios is thought to be largely the result of plasticity
induced closure. At high stress ratios where <closure 1is
not an active mechanism in the FCP process under constant
amplitude loading conditions, there remains some doubt as
to the mechanism of delay. In earlier tests, Daiuto
observed marked differences in the post overload FCP rate
data for single overloads applied at different fatigue
stress ratios. Specifically, he noted a much more abrupt
decline 1in the FCP rate after overloads applied at high
stress ratios thanm those applied at lower stress ratios.
He observed that delayed retardation 1Is primarily a
phenomenon which may be observed at low stress ratios but
is less apparent at higher stress ratios. These observa-
tions seem to support the closure mechanism of delay dis-

cussed throughout this <chapter. At high stress ratios,
where K is less than K acceleration, or delayed
op min

arrest effects resulting from overloads should mnot be

expected since AK is equal to AK prior to the overload.

eff
At high stress ratios the crack tip growth rate displays
delay immediately as it grows into the plastic zone without

the accelerating effects of the residual plastic overload

strains which are apparent at lower stress ratios,
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In an effort to support the discussion presented
above, a series of high stress ratio overload tests were
conducted. The fatigue cycles in these tests were main-
tained at &a stress ratio of 0.7, a ratio considered to be
free of closure effects. Overloads were applied with Q°1
ranging from 1.1 to 1.5. The maximum Qol applied was
determined from experimental delay/arrest data gathered by
Daiuto and was chosen such thag maximum delay would occur.
Prior to and following the overload, crack tip opening dis-
placement versus load profiles were taken at uniform cyclic
intervals throughout the delay region. The number of
cycles between Kop data points rangeq from 200 to 1000
depending on the severity of the overload and its associ-
ated delay period. Crack growth rate data was taken at
0.02 millimeter intervals in the post overload delgy region
and at 0.2 millimeter intervals elsewhere in the tests. A
mixed mode test was run on ome 0.08 inch thick specimen. A
plane strain test was rumn on one 0.248 inch thick épecimen.
The stress ratio for the overload and fatigue <cycles in
both the mixed mode and plane strain tests tests were held
near 0.05. A graphic illustrating the cyclic stress inten-
sities applied for both specimens is presented in Figure
3.6. A summary of the loading cases studied in this inves-

tigation is presented in Figure 3.8.
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CHAPTER 4 - TEST EQUIPMENT AND PROCEDURE

Cyclic loading was conducted using a Material Testing
Systems (MTS) 20 KIP electro-hydraulic load frame and model
442 controller in conjunction with an external microproces-
sor. The load frame, load cell, con;roller and associated
signal amplifiers were aligned or calibrated in accordance
with MTS specifications. These elements of the testing
equipment are the same which were used by Daiuto [10] in
conducting his experiments. In order to gemerate and con-
trol the variable amplitude loading blocks required for
this study a <closed-loop microprocessor control loop was

added external to the standard MTS servo control loop.

A schematic of the testing equipment is shown in Fig-
ure 4.1. During testing a variable amplitude command sig-
nal was incrementally generated by the ﬁicroprocessor and
input to the servo controller. Responding to the pro-
grammed command signal, the contro;ler applied the proper
loads to the specimen mounted between the load cell and the
actuator by using the amplified load cell signal t§ close
the controller feedback loop. The load ceil voltage was

also routed through filters and 4into the microprocessor,
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thus closing its feedback loop. Digital computations per-
formed by the microprocessor on the feedback signal permit-
ted compensations in the outgoing command signal for the
dynamic response of the specimen and the MTS system such
that the desired loading block was attained at the speci-
men., The net result was a variable amplitude fatigue test-
ing apparatus which maintained load levels to within one
percent of the desired load value at frequencies from 0.5

to 18.0 hertz.

During the acquisition of load versus crack opening
displacement profiles, the microprocessor served as a data
recorder. Signals from érack mouth and crack tip extensom-
eters were filtered and fed into the microprocessor. While
generating a 0.5 hertz command signal, the micrbprocessor
recorded and stored the crack tip, crack mouth, and load
signal voltages until the data acquisition cycle was com-
pleted. Following <completion of the data acquisition
cycle, software options allowed for plotting of the data to
a cathode ray tube or a hardcopy device in additiom to the

option of storing the data on a floppy disk.

4.1 Test Equipment

The microcomputer selected for variable amplitude load
control and data acquisition was the Advanced Technology

Personal Computer manufactured by International Business
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Machines (PC/AT). The PC/AT used in the study was fitted
with an Intel 80287 math co-processor to increase its com-
putational speeds beyond those available with its standard
80286 processor. The Intel 80286 microprocessor is a 16
bit processor with "specially optimized capabilities...for
multi-tasking systems" [27] which interfaces with a 16 bit
data bus to provide significant speed increased over its
commonly used 8088 counterpart. Disk storage devices on

the PC/AT consisted of two floppy disk drives.

A Tecmar PC-Mate Lab Master provided the digital to
analog interface between the microcomputer and the servo
controller, respectively. The analog~-to-digital converter
provided 8 true differential, 12 bit input channels and two
12 bit digital- to-analog output channels. Both the A/D
and D/A functions of the board were used in the I/0 mapped,

0 to 10 volt range as calibrated from the manufacturer.

Measurements of critical interest to the objectives of
this study involved the load placed on the specimen, the
crack mouth opening displacement (CMOD), the crack tip
opening displacement (CTOD) and the length of the crack.
An optical microscope (l50X) on a traveling base was used
in conjunction with a strobe light syncronized to the load-
ing frequency in order to measure the crack length to
within one micron. The remaining physical quantities were

measured using a load cell and strain gage extensometers as



45

transducers for load and <crack opening displacements,
respectively., The load transducer, a 20/30 KIP Lebow load
cell was wused in conjunction with an MTS model 440.21
direct current signal conditioner to provide <calibrated

load signals ranging from zero to tem volts.

The crack mouth opening displacement was measured with
an MTS model 632.03B-30 clip-on extensometer. This exten-
someter uses four strain gages (350 ohm) in a full bridge
configuration with one active gage mounted on the outboard
surface of each cantilever in this dual beam gage. Notches
machined in the outboard surfaces of both cantilevers were
used to locate the gage ﬁetween knife edge fixtures which
were mounted above and below the starter crack at the
centerline of the specimen as shown in Figure 4.2. Once
mounted in the knife edge fixtures, the clip-gage remained
in place for the duration of the test. A second MTS direct
current (d.c.) amplifier identical to the load cell amplif-
ier was used to provide excitation voltage to the clip-
gage, resulting id a linear, zero to ten volt, signal over
the 0.15 inch range of the transducer bétween 0.075 and

0.225 inc¢hes.

The crack tip opening displacement was measured using
an extensometer identical to that used by Reuping and
Hillberry [28] in their earlier work with fatigue <crack

closure. Modeled after a gage initially used by Elber [3],
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Figure 4.2 Clip gage mounting fixtures.
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this extensometer was machined from a single piece of
2024~-T6 aluminum into the <configuration shown in Figure
4.3. It employs four foil type strain gages (120 ohm) in a
full ©bridge <configuration. The active gages in this gage
are placed on adjacent links in the bridge circuit and are
located on the two internal radii of the gage. Compensat-
ing gages are mounted on low strain surfaces of each can-
tilever. Sharpened steel points fixed at the end of each
cantilever were pressed into the <cracked specimen at
approximately half the material thickness behind the crack
tip when CTOD versus load profiles were to be taken. Uni-
form normal pressure and accurate crack tip location were
insured using a spring fixture mounted to the lens of the
optical microscope as shown in Figure 4.4. Excitation vol-
tage for the CTOD gage was provided by a BLH model 5100

dec. amplifier at a gain of 2000.
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The material coupons provided by ALCOA were machined
into center <cracked tensile specimens for wuse in this
study. Details of the specimen geometry are provided in
Figure 4.5. The stress raiser detailed im Figure 4.5 was
machined using the electric discharge method. Two holes
with a diameter of 0.0625 inches were machined into the

specimen to accommodate mounting bolts for the knife edges

which were required by the clip gage extensometer.
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4.4 Procedure

Specimens were precracked to a length of 0.3 inches in
accordance with ASTM E647 [29]. All of the tests were con-
ducted under constant AK load shedding conditions in which
loads were manually reduced when they deviated from the
stress intensity solution by more than three percent. The
stress intensity solution proposed by Fedderson [30] for
center cracked temnsile specimens was used in this study and

is presented in equation 4.1.

KI =0 \J[na] sec[gg] (4.1)

Testing was performed in room air with temperatures

ranging from 68 to 72 degrees Fahrenheit. Humidity meas-
urements taken with a wet and dry bulb thermometers indi-
cated relative humidities ranging from 38 to 42 percent
during the testing program which was conducted during the

early winter months.

Crack growth rate data were obtained using the optical
nicroscope mounted on a traversing base fitted with a digi-
tal resolver. When the crack tip was observed to reach the
crosshair in the optics of the microscope, the observer
triggered a data recorder which logged the digitally moni-
tored <crack length and cycle count. With the exception of
the overload tests, crack length versus <cycle count data

were takenm at 0.2 millimeter intervals. Overload data were
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taken at 0.02 millimeter intervals.

Crack closure data were taken at intervals defined by
the test program. Before taking load versus CMOD/CTOD pro-
files the real-time load control software was halted at the
microprocessor and a data acquisition program was executed.
The data acquisition softwafe performed low frequency load
control and data recording functions as dictated by the
operator. After starting the data acquisition program the
operator sited the crack at the crosshair in the microscope
and then affixed the CTOD gage retainer over the optical
lens at the front of the microscope as shown in Figure 4.6.
Once the retainer was in place, the tips of the CTOD gage
were pressed into place on each side of the crack by slowly
advancing the rough focus traverse of the microscope. At
this time the operator commonly directed the microprocessor
to run from one to ten calibration cycles in order to
insure that the gage was properly seated in the indenta-
tions made by its sharpened tips. Load versus CTOD pro-
files made during these cycles were observed on a storage
screen oscilloscope to insure that thé CTOD signal indi-
cated that the gage was functioning properly. After con-
firming the placement and operation of the CTOD gage, a
data acquisition cycle was executed and the fecorded data
then written to disk. These data files consisted of 360
sets of load, CMOD, and CTOD data points collécted hthrough

one loading cycle on the specimen, Following completion of
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CTOD data acquisition assembly.,
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a test, the load profiles and crack length versus cycle
count data were entered into a VAX 11/780 computer for sub-

sequent data reduction and analyses.

A different data acquisition procedure was followed
during the high stress ratio overload tests in order to
collect accurate FCP rate and Kop data simultaneously dur-
ing the &entire period of observed delay. In experimental
trials it was determined that 0.008 inch accuracy required
in the microscope traverse could not be reliably maintained
if large motions of the rough traverse were made. This
excluded the wuse of the previously described CTOD gage
retainer since its instailation required such movements of
the microscope. To overcome this problem, Reuping”s [28]
wire retaining assembly was attached to the spécimen as
shown in Figure 4.7. This allowed CTOD data to be taken
from one end of the crack in the specimen while the other

end was used for crack length versus cycle data.

Inherent problems with the wire retainer assembly
resulted in its omission from the gemeral testing equipment
in the early stages of equipment development. Using this
retainer, pressure 1is applied to the CTOD extensometer by
tightening two wing-nuts located at the fulcrum of the wire
cantilever assemblies. As a result, the balance and magni-
tude of the force applied to each side of the-gage was sub-

jectively determined by the operator based on obsetvations
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of the quality of the signal resulting from the calibration
cycles. Viewed as the only available means by which to
gather the needed data in the overload series, this

retainer assembly was used only in these tests.
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Figure 4.7 Reuping”s cantilever wire CTOD ‘gage retainer
assembly. ’
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CHAPTER 5 - DATA REDUCTION

5.1 Fatigue Crack Growth Rates

Crack length and cycle count data taken from all test
cases were converted to growth rate data using the seven
point incremental polynomial methods described in ASTM E647
[29]. In the first three loading cases of the test pro-

gram, the characteristic growth rate for a wunique loading

da
block was obtained by averaging the seven middle 7;; data

dN
points in the 13 point, 0.1 inch data range. In the over-
load tests, rate data were plotted against crack length and

cycle count in order to determine the characteristic values

of a and N_ for each overload.
min D

5.2 Determination of Crack Opening Stress Intensity

The digital records of load versus crack tip opening
displacement were analyzed to determine Kop using a pro-
grammed library subroutine on the Purdue University Comput-
ing Center”s CDC-6500 mainframe computer. The ZXSSQ sub-
routine is a non-linear, finite difference, least squares

curve fitting algorithm im the <commercially available
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International Mathematics and Statistical Library (IMSL)
(31]. The subroutine optimizes a finite number of parame-
ters using residuals which are supplied by a user written,
external function. In applying ZXSSQ to the problem of
determining Kop from the recorded load and CTOD data, the
four parameter model presented in equation 5.1 was chosen

to calculate the residual values.

F1 =y, - C1 + szi + C3 [C4 - xi]z for xi<C4(5.la)
F, =y, - [C1 + szi] for x1>C4 (5.1b)
where,
xi = the normalized load values,
y1 = the normalized CTOD values,
Fi = the calculated residual for the ith pair of data,
01-4 = the optimized model parameters.

Supplied with rough initial guesses for the C parameters,

the algorithm optimized the parameters to fit the normal-

ized experimental data such that the sum of the squared

errors value was typically 0.0001 in magnitude.

The form of the model presented in equation 5.1 and

the parameters associated with 1t serve to describe the
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physical processes associated with the opening crack. The
pafameters C2 and C1 are the slope and CTOD axis intercept
of the linear region associated with the compliance of the
open crack., The parameter C3 is the coefficient of the
second order term describing the curvature of the load
versus CTOD profile as the crack is physically opening.
Finally, the C4 parameter is the normalized value of load
which marks the boundary between the linear and the non-
linear data. This fourth parameter, when converted back

into wunits of pounds, was considered to be the crack open-

ing load.

In order for this model to accurately describe the
opening ©behavior of the crack, the order of the nomn-linear
term in equation 5.1la must closely match that of the physi-
cal process 1involved. Based on the interferometric crack
opening measurements in polycarbonate made by Ray et al

[32], a simple mathematical model which supports a second

order relationship between externally applied stress and
CTOD is proposed. Ray“s data linearly relates the length
of the open crack at the free surface, a;p , to the stress
intensity <calculated wusing the physical crack length, a.

Thus, using his data

a = mK + b (5.2)

where,

K = o\|naa : (5.3).
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Combining equations 5.2 and 5.3 yields,

a = mo\lnaa 4+ b (5.4)
op

Using the elliptic crack opening assumption for center

cracked tensile specimens [34], CTOD may be related to aop,

T (5.5)

where x, the distance from the centerline at which the CTOD

4o 2 2
CTOD = ——[a X ]1/2
op

is measured.

Finally, by inserting the expressions for aop from
equation 5.4 into the compliance relation in equation 5.5
the resulting expression for the opehing crack length in

terms of external stress is

1/2
CTOD = %2 [ma\,na + b]z - x2 (5.6)

At a fixed crack length the values of x, m, b, and

are constants, leaving CTOD as a second order function of

the externally applied stress, j. Therefore,

) .
CTOD ¢ ¢ (5.7)

Visual inspections throughout the data reduction pro-

cess indicated that the second order model fit the non-

linear portion of the data quite well, The Kop. values

determined by the ZXSSQ algorithm agreed within five per-

cent to the visually determined values . While the visuai
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technique of determining Kop appeared equally as accurate
as-the digital technique, the author suggests that the
objectivity and consistency inherent in the digital method
yielded data which more accurately depict the physical

phenomenon of crack closure.
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CHAPTER 6 - RESULTS AND OBSERVATIONS

Using the data reduction techniques defined in the
previous chapter, FCP rate and K° results for all of the
loading cases were calculated from the test data. Observa-
tions of the relationship between these two sets of results
for each case will be made using the closure based growth
rate equation presented in equation (2.3). The proper,
closure-free coefficient and exponent for this relation
were extracted from Daiuto”s constant amplitude data for
the appropriate thickness at a stress ratio of 0;75. The
absence o0f «closure at this stress ratio was verified by
Carman [35], who conducted a series of tests which indi-
cated an Rcut of 0.45 above which closure does not occur
for this material. Daiuto concluded that his constant
amplitude, high séress ratio FCP rate versus AK data indi-
cated a bi-linear behavior which was not a function of
stress state. Therefore, two coefficient-exponent pairs
were extracted from his data to accommodate this Dbi-
linearity. The C and m parameters were optimized from each
linear data segment using a Hooke-Jeeves, finite 1integral

optimization algorithm [33]. In the analyses presented in
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this study the appropriate C and m values were selected

based '‘on the magnitude of the AK values resulting from

eff
the observed values of Kop' Daiuto also showed that stress
state did not explain the bi-linear transition point in
high stress ratio constant amplitude data. As a result,
the proper C and m coefficients were selected based on the

range of AK observed in the tests. If A exceeded

eff Kets
the AK value associated with the bi-linear transition point
observed in Daiuto”s data, the C and m pair associated with
large AK high stress ratio data was used. Similarly, if
AKeff was lower than the tramsition point, the C€C and m

values fitting the 1low AK data were used in the closure

based growth rate calculations.

6.1 Case I: Multi-Step Loading Results

Data for the three multi-step loading blocks shown in

Figure 3.1 are presented in Table 6.1. A single Kop value

is presented for each loading block. The Kop value
presented {is the mean of four separate readings taken in
four unique <cycles for each loading block. The data
acquisition cycles performed for each block were essen-
tially four cyclic components of the block, each having
different stress ratios and Kmax values., For a givemn load-
ing block, it is significant that the opening 1load deter-
mined from these four 1load versus CTOD profiles did not

differ from one another by more than five percent.
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Averages of the replicates for each block indicate the
major trends observed in the data. As one might antici-
pate, growth rate increases as the load form is varied from
the smallest AK values in block A to the largest AK values
in block C. This trend is apparent in the graphical
presentation of the FCP rate data shown in Figure 6.l1l. The
Kop values obtained for each loading block are presented

graphically 4in Figure 6.2. Since each loading block main-

tained the same K and the same K values, the data
max bmin

were normalized using the largest stress intensity value in

each block, Kb = 20 ksi\|linches, in order to show the
max J

effect of the intermediate, varying K values on K . In
. min op
Figure 6.2 the decreasing trend in the KOP/Kbmax ratio
illustrates the effect of K on K . This trend indi-
min op )

cates that significant changes in the intermediate Kmin

values, as the loading block varies from A to C, are accom-

panied by changes in K / K from 0.42 to 0.35. This
op bmax

trend refutes the assumption made by DeKoning [25] that Kop

is strictly a function of K and K values.
bmax bmin

6.1.1 Rate Comparisons Using Opening Stress Intensity

Using Daiuto”s data as described previously, growth
rates were calculated with the Kop values presented above.
These <calculations are presented in Appendix B. The
results are presented graphically in Figure 6.3. 1In this

figure it may be seen that the observed change in Kop may
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. be used to describe the FCP rate quite well if the inherent
scatter in fatigue data from test to test 1is also con-

sidered.
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6.2 Case I1: Bi-Harmonic Loading Results

Test results for the bi-harmonic 1loading case are
presented in Tables 6.2 through 6.5. The data is sub-
divided according to the two major closure influences dis-
cussed in Chapter 3: stress state and dK/da. Thus, there
are four major divisions of the data, each with a unique
combination of mixed mode or plane strain stress state and
ascending Kbmax or constant Kbmax' The Kop values
presented for each loading block are the mean values calcu-
lated from Kop loads extracted from load versus CTOD data
for the high and low data acquisition cycles in each block.
The Kop values associatéd with Kl and K2 components of any
given bi-harmonic loading block typically differed from one

another by no more than six percent.

Observations regarding the influence of dK/da may be
made by examinationm of tﬂe data in the tables. Recalling
the intent of the test program to examine the influence of
dK/da resulting from different plastic wakes, the influence
of the effect shouid be evident in comparisons of FCP rate
at KZ/K1=0.5 for ascending and constant Kbmax cases. For
both the mixed mode and plane strain cases, the load forms
at KZ/K1=O.5 were identical and were preceded by markedly
different plastic wakes (Figures 3.2 and 3.3). In the
plane strain tests, FCP rate replicate average values for

ascending and and constant Kbmax cases are 3.07E-05 and
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3.11E-05, respectively. These values differ by 1.9 per-
cent. For mixed mode data, the discrepancy between the
rate values 1is 9.5 percent., Observations of the variance
among replicates 1indicates that experimental =error or
uncontrolled process variables resulted in rate differences
as high as 7.6 percent. These observations indicate that

the effect of dK/da is minimal in these loading conditioms.

6.2.1 Normalized Eop Results

The behavior of Kop for this 1loading case 1is best
explained by normalizing it with respect to Kbmax' Calcu-
lations for this normalization are presented in Appendix C.
Replicate averages of K /K for plane strain and mixed

op bmax
mode loading conditions are presented graphically in Figure
6.4. Visual inspection of this data indicates that
K /K ratio waintained a <constant value mnear 0.40
op bmax

regardless of stress state or load history. An average of

this ratio for each of the four loading cases is presented

in Table 6.6.

6.2.2 Load Interaction Effects on FCP Rate

FCP rate data for the bi-harmonic loading test matrix
are presented graphically in‘ Figures 6.5 through 6.8.
Accompanying the observed experimental data in each plot
are two additionmal sets of <calculated rate data. The

interaction free data were calculated for each 1load form
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using constant amplitude data generated for this material.
Cyclic AK components of the load blocks were correlated to
constant amplitude FCP rate data to obtainm a net rate which
was based on data free from load interaction effects. The
third set of data visible in the graphs is the result of
calculations using observed Kop values and the closure

based growth rate equation, as discussed previously. These
graphs reflect the minimal effect which 1load interaction
had on the FCP rates in this loading case. In all cases,
the interaction free model fits the observed date Dbetter
than does the closure based growth rate equation using the

selected parameters from high stress ratio data.
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6.3 Case III: Variable Fatigue Cycling Test Results

The FCP rate and Kop results for mixed mode and plane
strain <cases of the variable fatigue cycling tests are
presented in Tables 6.7 and 6.8. The Kop values presented
represent the mean of K values extracted from two data

op
acquisition cycles having K, and K2 as their maximum stress

1
intensity values. In the mixed mode loading case, the Kop
values taken for the maximum or K1 cycles were ‘approxi-
mately 3 percent higher than their KZ counterparts. How-
ever, observation of all of the data indicate that mneither
reading varied from the mean by more than five percent,.
For this reason the mean Kop value is wused inm subsequent

calculations of growth rate using the closure based growth

rate equation.

6.3.1 Normalized Eop Results

As in previous cases, the behavior of Kop for this

loading <condition is best observed when normalized by cal-

culating the quotient of K and . For mixed mode
op bmax
data, the mean K values were divided by 30 ksi\linches.
op
For planme strain data, K was divided by 7.02

op
ksi\'inches. The results of these calculations plotted
against the natural logarithm of N2 in each loading block
are presented in Figures 6.9 and 6.10. These Figures

reflect markedly different trends in Kop for mixed mode and

plane strain data.

PRECEDING PAGE BLANK NOT FILMED
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In the mixed mode replicates a gradual decrease in the

K /K ratio was observed. Starting at a value of
op bmax

approximately 0.55 at N2=10 cycles, the ratio fell to

nearly 0.38 at N2 = 1000 cycles. Replicate scatter in the
plain strain data does not permit significant observations

concerning the behavior of Kop to be made. However, there

is no indication of the trends observed for the mixed mode

data displayed in any of the plane strain replicate data.

6.3.2 Normalized Rate Comparisons: Observed Versus

Interaction Free

In order to observe the acceleration or decelerating
effects of the various fatigue cycles applied between Kl

cycles, the observed rates were divided by the interaction
free rates calculated using constant amplitude data from a
previous study [10]. 1In calculating the interaction free
rate, cyclic FCP rate conéributions from both the overload
and fatigue cycles were considered. The results of these
calculations are plotted against the natural logarithm of

N2 in Figures 6.11 and 6.12.

In the mixed mode data displayed in Figure 6.12 a

trend in the behavior of the FCP rate ratio is apparent.

Starting at a value of 0.39 for N2 = 10, the ratio falls

gradually, reaching a minimum between N2 = 100 and

N2 = 300 cycles. After reaching the mean ninimum value of

0.24, the ratio climbs to a replicate mean value of 0.46.
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Replicate scatter in the plane strain rate data prohibits

the observation of significant trends in that Kop data.

6.3.3 Rate Comparisons Using Eop

To examine the correlation between observed Ko and

FCP rate data, A values were used to calculate rates

Keff
using the closure based growth rate equation. Replicate
averages of Kop were used to calculate the FCP rates for
mixed mode and plane strain stress test data. The result-
ing rates are plotted with the replicate averages of the
observed data in Figures 6.13 and 6.14. In additiom, the
interaction free rates referred to in the previous discus-
sion are plotted for comparison purposes. In ‘this case,
FCP rates <calculated under the closure assumption account

for the delay observed in the experimental data for both

mixed mode and plane strain stress states.

C->
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6.4 Case 1V: High Stress Ratio Overload Results

Fatigue crack propagation calculated for the mixed
mode and plane strain high stress ratio tests are presented
in Figures 6.15 and 6.16, respectively. Rate data for each
individual overload 1is plotted separately in the figures
presented in Appendix D. Several parameters wused to
describe the retardation following single peak overloads
were extracted for each set of overload data using these

plots. These parameters include amin’ the distance past

the overload at which the minimum crack growth rate,
d

—gl y occurs. The number of delay cycles associated with
dN min )

overload, ND, was obtained by determining the number of
post overload <cycles at which the growth rate returned to

In addition, the

da .
dulol' min’

number of post overload <cycles at which the minimum FCP

its pre overload value,

rate, was achieved was extracted to facilitate com-

=1

dN'min’
parisomns to Kop data which was gathered at fixed-cycle
intervals throughout the delay period. A graphic defini-
tion of several of these terms is provided in Figure 6.17.
The values of these overload parameters for the test data
are presented 1in Tables 6.9 and 6.10. For both plain
strain and mixed mode data larger delay perlods were asso-
ciated with larger overloads. An exception to this trend

is visible in the post overload data for the mixed mode

condition where Q°1=1.37.
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6.4.1 Measurements of Eop in the Delay Region

Using the wire retaining apparatus described previ-
ously, Kop measurements were takem at fixed-cycle intervals
Prior to and following the application of each overload.
These readings were taken from the crack tip in the center
cracked tensile specimen which was not being used for rate
data observations. Once in place, the CTOD extensometer
was not moved for the durationm of the delay period. Simul-

taneous rate and Kop data were gathered in this manner for

each overload.

The load versus CTOD profiles and their associated Ko
values are not presented 1in the following text for two
reasons. First, the post overload load versus CTOD pro-
files wnumbered nearly 200, making their inclusion in this
text prohibitive. Also, the sole benefit from their inclu-
sion ﬁay be stated in the single, significant observation

that K = K throughout the post overload delayAtegion.
op min

The non-linear regression algorithm clearly 4indicated
that the relationship between load amd CTOD is linear over
the entire span of the R=0.7 data acquisition <c¢ycle in
nearly two thirds of the data taken during post overload
delays. The remaining data showing Kop larger than Kmin

were scattered in a sporadic fashionm throughout the pre and

post overload data. These load versus CTOD profiles were

characterized by a subtle non-linearity in the region near
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K n' The numerical data reduction algorithm readily
min
recognized this non-linearity which is not obvious to the

casual observer.

To investigate the implications of this non-linearity
in light of the picture presented by all of the data,
sequential compilations of pre and post overload load
vetsﬁs CTOD profiles were examined. One such compilation
is presented in the plots in Appendix E. The overload data
presented 1s from a mixed mode test where Q°1 =1.5., This
overload is of particular interest since all of the pre and
post overload data display the non-linearity which is
observed only sporadicaliy in the much of the remaining
data. Visual comparisons of the-non-linearity in pre and
post overload profiles reveals a similarity which suggest
that the same mechanism is the cause in both cases. How-
ever, numerous observations by Carman[34] using identical
material and equipment, with the exception of the CTOD
retainer assembly, indicate that closure is not presemnt in
fatigue <cycles above a stress ratio of 0.45. These obser-
vations lead the author to believe that‘ the subtle non-
linearity witnessed in parts of the data is the result of
error introduced by umrecognized shortcomings in the wire
CTOD gage retainer assembly. Given the experimental pro-
cedure used to gather the overload data, {it 1is éntirely
possible that force imbalances in the retainer resulted in

subtle, non-linearities which remained unnoticed.
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Compliance values taken from the data presented in
Apﬁendix E may be used to substantiate the absence of full
crack closure as a mechanism in the delay observed. Assum-
ing that the slope of the linear portion of the load versus
.CTOD profiles may be related to crack length if the CTOD
extensometer remains fixed, compliance values are plotted
against post overload cycles in Figure 6.1]8 to show the
growth of the crack following ﬁhe overload. This analysis
indicated that crack growth measured by compliance is com-
pletely halted wuntil 8000 cycles after the overload, at
which time crack growth resumes. Theoretical predictions
of delay based on full <crack closure concepts are not
characterized by this type of post overload «crack growth

behavior.
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CHAPTER 7 - DISCUSSION OF RESULTS

The results presented for the variable amplitude load-
ing cases examined in this investigation provide valuable
insight into the role which <closure plgys in the load
interaction phenomenon., While inherent data scatter among
replicate tests was observed, dominant trends in the Kop
and FCP rate results ﬁighlight significant facﬁors in the
load interaction process. These trends are discussed in
the following pages. In addition, results from the study
are analyzed in an attempt to provide a key load interac-

tion parameter for the Multi-Parameter Yield Zone Model [4]

developed by Johnson.

7.1 Load Interaction Effects on FCP Rate

When compared to constant amplitude.FCP rate data the
results from the <current series of tests show a marked
deceleration effect resulting from. load interaction. For
multi-step loading cases A and B, direct ;ompa:isons to
interaction free rate results is inhiﬁited by the diversity
in stress ratios at which each of the compo;ent cycles in

these blocks are executed (Figure 3.8). However, in block
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C each component <cycle is executed at stress ratios near

that of the existing constant amplitude data; R=0.05. This
da
dN’

rate results, Such a comparison indi-

permits a direct comparison of observed, and interac-

tion free, —

cates that N EEIIF

replicate data, Given that block C most closely resembles

is approximately 0.8 for all of the

a spectrum loading <condition among the loading blocks
applied in this test program, it is significant to note the

conservative nature of FCP rate predictions based on
interaction free rates for this loading case.

The FCP rate results for the bi-harmonic 1loading
4

series indicate minimal effects of load interaction result-

ing from the repeated high cycle-low cycle loading blocks.
Figures 7.1 through 7.4 reflect the small differences

between the interaction free and observed FCP rate data for

each of the loading conditions in the bi-harmonic test

ds
dN

free FCP rate data for the high cycle,

matrix. In the graphs, is normalized by the interaction

da Using yield
anl11p  Using yie

zone delay arguments, Johnson anticipates the mnormalized

rate data from this series to approach the KZ / Kl = 0.5
da ,da
boundary along an asymptote at N EKIIIF = 0.5. The

Kz /.K1 ratio at which the rate contribution of the lower
cycle is negligible may be considered as the "B" parameter
in the MPYZ model. Using this parameter om a cycle by
cycle basis, the MPYZ algorithm determines whether or not

crack propagation should occur for a givemn loading cycle.
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Johnson [4] suggests the use of single peak overload tests
in determining the "B" parameter, implying that post_over;
load delay data extracted from such tests is applicable to
the variable amplitude fatigue situation.‘ However, in the
bi-harmonic loading series the effects of load interaction

on rate were not observed. Therefore, a value for the "B"

parameter could not be extracted from these results.
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This observation raises questions concerning the use
of. load interaction models based on empirical data
extracted from single peak overload test results. Daiuto
{10] observed delay in fatigue cycles following single peak
overloads at stress ratios of 0.05 and Qol = 2,0. These
loading <conditions <correspond to a KZIK1 = 0,5 fo the bi-
harmonic series at which no delay was observed. This indi-
cates that post overload delay in fatigue cycles is likely

a function of the number of fatigue <cycles DbDetween over-

loads.

This fatigue cycling effect was observed for various
numbers of fatigue cycles in the third loading case of the
test program. Results for the variable amplitude fatigue
cycling tests were combined with the Klel = 0.75 test
results from the bi-harmonic series to present a ycomplete
picturé of the interaction effect on fatigue cycles between

Id

overloads for this load ratio. These results indicate that

the delay effect was greatest when N2=200. Expected
acceleration effects were not present in the steady state
FCP rate results obtained for values éf N2 betwgen lhand
1000 cycles. Based on the load interaction effects
observed by Elber [3] 4immediately following single peak
overloads, the 7results shown in Figure 7.5 would be
expected for the variable amplitude loading case. These

results show a brief period of acceleration for low values

of N2 followed by a significant delay perioa at larger N2
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values. The discrepancy between load interaction test data
and results anticipated based on single peak overldad§
indicates the potential deficiencies of load interaction
models which predict FCP rate beﬁavior based on empirical
results from single peak overload results. This suggests
the need for an understanding of the basic mechanism of
delay which is provided by the observations of K__ which

op
accompany the rate data in this study.
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7.2 Eop Behavior and the Role of Closure in Interaction.

Several noteworthy aspects of Kop behavior were

observed im this investigation., The cyclic stability of

crack opening load in a given repeatedr lﬁading blogf was
significant. Detailed observations of this stabili;y were
enabled by the data acquisition and reduction técﬁhiques
which were &employed inm this study. Graphics illustrating
thi; stability are presented in Figures 7.6 and 7.7, show-
ing tﬁe actual CTOD versus lo#d data takenm for ﬁigh and low
cycles in the bi-harmonic loading block. In these Figures,
the quality of the load and CTOD data are typical of the
data obtained thtoughoutxthe study. The Dbroken line on
each plot represents the optimiied model data calculated
for each load profile by the non-linear regreséion algo-
rithm. The optimized coordinates of the créck opening
load is encircled on each étaph.. This pair of data sets
indicate identical crack opening loads. Typical optimized'
crack opening load levelslfor a given loading block dif-
fered by ﬁo moreé than five percent. ?hese results imply
that Kop in variable amplitude loading c;nditions is not a
cyclically dynamic quantity. The data indicates that the
stable Ko value observed for eachxloading blgck.is‘a pro-
duct of the <cycles preceding it. This sfrongly_suggests
that closure and, by virtue of the Tate corrélations
presented herein, load interactiom 1is a. plas;ic wake
phenomenon, : Since ;he cycles preceding each K

op

1
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in this study are well defined,

ficant observations concerning the factors

may be made.

several signi-

affecting K
op
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By correlating the characteristics of each loading
block to observed Kop behavior, the first order factors
" effecting Kop were highlighted. The most significant fac-

tor effecting Kop in the bi-harmonic test series, where the

effects of Kmin and stress- ratio was &essentially elim-
inated, is Kbmax; the maximum stress intensity value in the
repeated loading block. The K__/K results for this

op’ bmax

test series presented in Figure 6.4 clearly show Kop is a
direct proportion of Kbmax' These results are observed for

both constant and ascending K testing series in both

bmax
mixed mode and plane strain. This i{s strong experimental

evidence in support of plasticity induced closure in plane

strain and plane stress.

The role of K and K on the behavior of K is
E bmin min op

displayed in the results of the multi-steplloading tests.
These results, presented in Figure 6.2, show th; subtle
influence of Kmin on Kop' These changes in the Kop level
are reflected in the FCP rate results presented in Figure
6.3. This figure also illustrates how these slight changes
in Kop may be used in the closure based growth rate expres-
sion to account for the observed change in FCP rate. The
close agreement between observed and calculated FCP rates

was not seen in FCP data calculated under the assumption

that K maintained the same constant value for all three
op . )
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loading blocks in the multi-step loading case.

The role which the number of fatigue cycles between
overloads played in the value of Kop appears to be depen-
dent on stress state. Considering the results of thé bi-
harmbnic and variable fatigue cyéling tests, a cémprehen-
sive picture of the effect of N, on K is formed. For

2 op

mixed mode cases, K _/

K. starts at a value dictated by
op bmax

K and rises as N_ increases to 10 cycles. This rise in
bmax 2

K relative to K was an unexpected phenomenon which
op bmax

must be attributed to load interaction in some form. For

the mixed mode loading conditiomns, the subsequent fall in
/K values at largé N, values may be attributed to

op bmax 2 .
the increasing effect of the fatigue cycles in establishing
K . Plane strain data indicate that K /K remains at

op op bmax
a constant value of approximately 0.4 for all values of NZ'
Both mixed mode and plane strain Kop data correlate well
with the observed FCP rate results using the closure based
crack growth expression, indicating that <closure is the
primary mechanism‘of the load interaction results observed
for variable fatigue <cycling tests. Lack of marked
interaction effects in the plane strain loading tests is

supportive of plasticity induced closure theory which would

predict less interaction with smaller plastic zones.

Fatigue crack <closure theory did mnot- explain the

delays observed im the high stress ratio overload tests;
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Measures of the CTOD following overload indicate that the
crack tip was fully open following the application of over-
loads under mixed mode and plane strain conditions. These
observations suggests that another mechanism is responsible

for the delay observed at stress ratios above R The

cut”’
post overload CTOD compliance data inm Figure 6.18 shows
little or no change in compliance until approximately 8000
cycles after the 9overload, fhus indicating that crack
growth was virtually halted during this period. This
nethod of observing post overload crack growth behavior is
inherently more refined than rates calculated by the seven
point polynomial method applied to optical crack length
measurements. The growth evidence resulting from these

more refined measures of growth suggest a blunting mechan-

ism of delay rather than closure.
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CHAPTER 8 - CONCLUSIONS AND RECOMMENDATIONS

The objective of this investigation was to accurately

da
measure and observe T and Kop under variable amplitude

dN
loading conditions. In order to attain thi; objective,
considerable effort on the part of the author was expended
in the development of testing equipment and techniques
which permit the appiication of variable amplitude loads
and provide accurate measurements of Ko . The data pro-

P
vided in this thesis 4is a direct result of this effort.

Based on an intrinsic understanding-and confidence in the

testing techniques, observations of the experimental data,

and correlations of observed and>predicted FCP rates, the

following conclusions and recommendations are presented.

8.1. Conclusions

[L] Repeated variable amplitude loading blocks may be used
to induce 1load interaction effects fesulting in FCP
rates which are measurably different than correspond-

ing interaction free rates.
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In cases where load interaction effects are observed,

measured AK may be used to calculate FCP rates with

eff
the closure based growth rate equation to account for

these effects.

A CTOD extensometer placed at a distance of 1.5 plas-
tic zones behind the crack tip may be used to provide
accurate , bulk crack tip wopening displacement data

which may be used to calculate Kop'

Digital load versus CTOD data may be numerically pro-
cessed using a non-linear regression algorithm to

optimize the value for load at which crack opening, as

defined by Elber, occurs.

K remains at a constant value throughout each <cycle
op
of a repeated variable amplitude loading block.

The maximum stress intensity inm a repeated loading

block, , effects the level of Kop most'directly

Kbmax

in tests conducted at a constant stress ratio of 0.05.

Plasticity induced closure appears to be the mechanism
of delay in both mixed mode and plane strain stress

state loading conditions at stress ratios of 0.05.

Closure is not the mechanism of delay in single peak

overloads performed at high stress ratios.
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Recommendations

Development of the microprocessor fatigue .testing
equipment should be continued toward the goal of cém-
plete automation of growth rate data acquisition. This
may be accomplished by correlating CMOD compliance
measurements to observed crack length data. This
would also facilitate computer controlled constant AK
tests. Care should be taken to insure that motion of

the specimen and CMOD gage are properly restrained.

Using the refined éxperimental equipment and current
data reduction techniques, a series of constant K
growth tests conducted at different stress ratios
would ©provide valuable informétion on the behavior of
Kop when all of the first order influences on it are
held constant.

Finally, further high and low stress ratio overload
tests should: be performed with an'improved technique
for simultaneous collection of .rage and Kop data.
Refinements in the CTOD retainer assembly or a com-
pletely new design will be required. Complianée data
from subsequent measurements using the fefingd device

should yield valuable insight into the mechanism of

post overload delay at high stress ratios.
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' Appendix A: Test Program Loading Details
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ri/r2 .
{Thousandthe)

4? 1,074 1,320 §.5%¢

1,320 1,594 1.894

Data Rang 0,300 0.48) 0,843 0.8
0.481 0,843 0.B46 J.0
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“RGTHAL PREE IS
OF POOR QUALITY

0.248

“e ek 1,000 1,054 1114 1,182 1.257 1340 1.431
Tensth 25,400 25766 2B.303 30.021 31529 34,038 36.358
7 16,50 16,50 16,50 16.50 1650 15,50 1650
{1:57-SORT. IN) . B
i 1815 19.25 26,35 2045 2255 2345 24,75
{.Si-SERT, 1K)
" HUS5  §1.55 10L55 10,55 11,55 10,55 11,55
HS1-SRT, IN)
leag 2 12519 12,088 11,630 11,148 10.843 10,117 9,578
H NS
tad 1 13771 14,062 14.343 14,492 14,546 14,502 14,356
WiFs)
Load ain  B.763 B.451 B.141 7,803 7,450 7,082  b.699
iiFS) -
2] 110 1.7 L23 . L300 L3 143 1,50
71 0.5 0.60  0.57 0.5 0.50 049 0.47
32 070 0.70 070 070 0.0 0.0 0,70
Bi.Stress 16,14 16.15 26,29 7254 20.91 27.40 30,01
e, tone 1534 133 1L IS4 1334 1334 1334
rler2 .
{Thoueandths)
El.Strain  5.38  6.05 676 T.51  8.30 9.3 10,00
ric. Zone 4,45 §.45 4,45 4,45 4.45 4.45 4.45
ri/r2
iThousandths) o .
Data Rang 1,000 1,054 - 1014 1182 1,257 LMO0 1430

05 LI 10182 1257 1.530 1431 1.531°

i
'
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‘Appendix B: Multi-step Rate Calculations
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ORIGINAL PAGE IS
OF POOR QUALITY

kO Q.50
(ESI-5CRT.IM)
k1 8. 00
(FS1-S0RT. 1)

K2 4, iy
(RS I-SORT. 1IN
K3 i2.00

(KSI-SERT.IMN)
K4 8. 00
(ESI-SGRT.IM)
kS 1600
(KSI-SERT.IMN)
Kb 12. 00
(EST-SORT. IMN)
(4 20,00
(KESI-SERT. 1IN

From Daiuto R=0.795

Faris Eup 4.4929

C—act

Block
[

DA/DHO1
DA/DMNTZ
DA/DNZ3
D&/ DMNE4
DA/ DN4S
DA/DNSS
DA/DN&7

Fop Rate

Fop ava.
Exp.

2. 1E-05
1.2E-06
7.8E-07
7.8£-07
2.2E-05
1.2E-06
2.8E-05
7. 6E-04

8-4‘

Rate 6.3E-0656

12.00

4,00

146,00

6.00

20,00

12.00

16.00

Q.50

20.00

' t=O.17” Constant fAmplitude data

3,205

5]
1.8E-12
1.8E-12
1.6E-06
1.6E-06
1.3E-0S
1.3E-05
4.8E-05
1. 1E-05

7.8
9. 5E-06

3.2035

2.3E-09 1.6E-08 1.6E-08

Identification

c
2.3E-09
2.5E-09
2.BE~-0Q6
2.8E-06
1.8BE-05
1.BE-QT
S5.9E-05

1.4E-05

7.0
1.2E-Q95

DEeffO1
Dheff12

DKeff23

Dikeff34
Dkeff45S
Dkeffoé
DEeffb&7

BRlock
A
0.0
0.0
3.6
.6
7.6
4.0
8.0

Identification

E
0.2
0.2
4.2
4.2

I\JCD.UJ
KRR

c

9.0

1. (:)
1.0 2
5.0
S. 0
P00

13,07
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Appendix C: Bi-harmonic Rate Calculations




S
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O?.Q!R;g!" -~
OF pove = 0545

CASE 11 kZ=.05 1THITKNESS=. (.17 fzcending Kbaax k ﬂ""‘“,.qu :
k2 926 .26 5.26 5. 26 5.2b 3.2b 526 15.00 15,00 15,00 15,00  15.00 o
{KS1-SCRT. 1)
Kl 5.26 b. 14 7,02 1.90 8.78 9.45  10.53  15.00 18,00 20,00 24,00  27,00]| -
{KSI-SORT. IN)
Ksin 0.26 0.26 0.26 0.2 0.26 0.2 0,26 0.75 0.75 0.75 0.75 0.7 -
{K51-SORT. IN)
K2/K1 1,00 0.86 0.75 0.67 0.560 0.55 0.50 1.00 0.83 0.71 0.83 0.56%’;1
Ki/K2 1.00 A7 L3S 1,50 1.47 1.83 2,00 1,00 1.20 1.40 1,60 1,80 -

Fres Daiuto Constant dsplitude Crack Growth Tests: R=0.75, t=0.17 @-
e-eff .49 1,49 LAy .49 4.49 4,49 49 3,205 %205 3,200 3,205 3.205§ R
C-eff 2.5E-09 2,56-09 2.5E-09 2.56-09 2,5€-09 2,5E-09 2,5E-09 1.6E-0B 1.6E-0B 1.4E-0B 1.bE-0B 1.&E-0B):
Observed Kop’/¥aax . =
fz52C 0.48 0.51 0.38 0.42  0.42 0.45 0.36 0.39 0.32 0.38 0.3 © 0.39
1271C .50 0.54 0.4b 0.50 " .0.59 0.51 0.37 0.43 0.40 0,33 0.38 0.42L
Dbeerved Kop
1z52C 2,52 3.13 2,67 3.32 3.69 4.34 3.79 5.B85 5.76 7.98 Jdb6 0 10,538 -
1271C 2,83 3.32 3.23 3.95 5.18 .92 3.90 b.43 7200 1.3 9.12 1134

~ : : T

Calculated Dieff . R
12521 2,14 3,01 435 458 5.09 9.3 6.74 9.15 12,24 13,02 1584 1647

125202 2,74 213 .3 1,94 1.57 0.92 1.47 .15 9.24 7.02 b.84 4,471,

. . !
1271C1 2,63 2,82 3.79 3.95 3.60 .73 .63 8,55 10,80 13,65 14,88  15.641 g
1271€2 2.83 1,94 2,03 1.3l 0.08 0.34 1.36 8.55 7.80 71,63 3.88 3.8b -

Calculated Browth Rate Using Closure Based Growth Rate Relation
1252C  2.26E-07 2. 8E-07 lfl7E-06 {,85E-06 2,22E-06 &.4BE-06 1,92E-05 3,42E-05 3,38E-05 5.94E-05 b,40E-05

10E-07 9.9
1271C  1.B9E-07 1.55E-07 5.19E-07 5.926-07 3.88E-07 1.32E-04 6.04E-0b 1,54E-05 2,20E-05 3.99E-05 4,79E-05 5.41E-05)
Mean 2.08E-07 1.B2E-07 7.5BE-07 B,B1E-07 1.12E-06 1,77E-0b 6.26E-06 1.73E-05 2.BIE-05 3.69E-05 5.35E-05 5.91E-05!

IRIGINAL PAGE IS
OF POOR QUALITY
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OF POOR QuALITY

{ASE 11 R2=.05 THICKNESS=. 0.17 Constant Kbeax

k2 10,53 10,53 10,53 10.53 10.53 30.00  30.00 30.00
(KSI-SBRT, IN)

Kl 10,53 9,24 1.90 6.58 5.26 30,00  22.50 15.00
(KSI-SART. IN)

Kein 0.33 0.53 0.53 0.53 0.53 1,50 1.50 1.50
{KSI-SART. IN)

K27k 00 L4 1.33 1.60 2.00 1,00 1.33 2.00
Ki/K2 1.00 0.87 0.75 0.62 0.30 1.00 0.73 0.30

Froa Daiuto Constant feplitude Crack Growth Tests: R=0,75, t=0.17

e-eff 3.205 3,208 3,205 3,205 3,205 3.205  5.208  3.205
C-eff 1.6E-0B 1.6E-0B f.6E-08 1.6E-08 1.bE-0B 1.6E-08 1.bE-0B 1.5E-08

Ubserved Kop/Kmax

12640 0.34 0.36 0,33 0.37 0.33 0.4} 0.38 0.42
1231C 0.47 0.44 0.40 0.43 0.40 0,58 0.49 0.33
Dbeerved Kop

1264C 3.98 .79 3.47 3.90 3.47 12,30 11,40 12,60
1231C 4,93 4,63 .21 4,53 4,21 17.40 1470 9.%0

Calculated DKeff
T284C1 - £.95  5.42 442 268 L9 17,70 1110 2,40
12842 5.95 6.4  T.06 .63 T.06 1770 18.60  17.4D

1231C1 5.58 4,58 3.48 2,05 1.05 12,40 7.80 5.10
1231C2 5.58 5,90 6.32 6.00 6,32 12,60  15.30 20,10

Calculated Growth Rate Using Closure Based Browth Rate Relation
T264C  7.94E-Db 5,39E-04 5.10E-06 3.61E-06 4.22E-06 1.59E-04 4 7,53E-05

L. 1E-0
12310 3.93E-0b 3.39E-06 3,44E-0b 2.56E-06 2.93E-0b 5. 34E-05 5.35E-05 1.21E-04
Hean 5.93E-06 4.39€-06 4.27E-06 3.0BE-06 3.57E-06 1.06E-04 8,32E-05 9.81E-05
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Appendix D: High Stress Ratio Post Overload Rate Data
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=1.5, R=0.7

‘ APPENDIX E: Post Overload Compliance Data, Qol
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‘ Figure El. Load versus crack opening displacemenf;‘ before

mixed mode overload: Qol.= 1.50.
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™ T191C
‘ CYCLES PAST OVERLOARD = 1000
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o
o
QAJ
™ | T191C
CYCLES PAST OVERLOGARD = 3000
.080 INCH THICK
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Figure E5. Load versus crack opening displacement 3000

cycles after mixed mode overload: Q°1 = 1.50.
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cycles after mixed mode overload:_Qol = 1.50.
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cycles after mixed mode overload: Qol = 1.50.
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